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Observation of excited Ω0c baryons






The first observation of the Ω−b → Ξ+c K−π− decay is reported using pp collision
data at centre-of-mass energies of 7, 8 and 13 TeV collected by the LHCb experi-
ment, corresponding to an integrated luminosity of 9 fb−1. Four excited Ω0c baryons
are observed in the Ξ+c K
− mass projection of the Ω−b → Ξ+c K−π− decays with
significance exceeding five standard deviations. Their relative production rates,
masses and natural widths are measured, and a test of spin hypotheses is per-
formed. Moreover, the branching ratio of Ω−b → Ξ+c K−π− is measured relative
to the Ω−b → Ω0cπ− decay mode and a precise measurement of the Ω−b mass of
6044.3± 1.2± 1.1+0.19−0.22 MeV is obtained.
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The spectrum of the baryons with a single heavy quark Qqq′ (Q = b or c and q, q′ = u, d
or s) is well classified using the heavy quark-diquark degrees of freedom. Heavy quark
effective theory [1–8] provides the basis for factoring out the heavy-quark dynamics up
to corrections of the first order of 1/mQ, where mQ is the heavy quark mass. Therefore,
the observation of new baryons and measurements of their properties provide information
about the role played by diquarks in baryons, which can also help to tune tetraquark and
pentaquark models.
In recent years, the LHCb experiment has made numerous contributions to the
spectroscopy of heavy baryons by observing several new states [9–16]. Among them,
the spectrum of excited Ω0c baryons has drawn special attention. Five new excited Ω
0
c
states, collectively named Ω∗∗0c herafter, and promptly produced in proton-proton (pp)
collisions, have been observed in the Ξ+c K
− mass spectrum [16,17] with natural widths
much narrower than expected.
Many theoretical approaches including potential models, QCD sum rules, and lattice
QCD predict the Ω∗∗0c spectrum and interpret the newly discovered states as orbitally or
radially excited Ω0c states [18–36], while a few studies suggest that some of them may
be either molecular states or pentaquarks [37–42]. Seven excited P -wave Ω0c baryons are
expected: five λ-mode excited states where the constituent c quark and the ss diquark are
in a P -wave, and two ρ-mode excited states where the two s quarks are in a P -wave. One
of the most popular interpretations is that the observed Ω∗∗0c states correspond to the
five λ-mode excited Ω0c baryons with quantum numbers J
P = 1/2−, 1/2−, 3/2−, 3/2−, and
5/2−. The determination of the spin-parity quantum numbers of the Ω∗∗0c states would
help to discriminate between the proposed models and to probe their internal structure.
This letter presents the first observation of the Ω∗∗0c states produced in exclusive Ω
−
b
decays. These are studied in the previously unobserved Ω−b → Ξ+c K−π− decays [43,44],
where the Ξ+c baryons are reconstructed in the pK
−π+ final state. The analysis is based on
samples of pp collision data at centre-of-mass energies of
√
s = 7 and 8 TeV, corresponding
to an integrated luminosity of 3 fb−1 (Run 1), and of
√
s = 13 TeV, corresponding to 6 fb−1
(Run 2).1
2 Detector and simulation
The LHCb detector [45, 46] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < η < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region, a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4 Tm,
and three stations of silicon-strip detectors together with straw drift tubes placed down-
stream of the magnet. Simulation is necessary to train a multivariate algorithm used
to suppress background, model shapes of mass distributions, and calculate efficiencies.
In the simulation, pp collisions are generated using Pythia [47] with a specific LHCb
configuration [48]. Decays of unstable particles are described by EvtGen [49]. The
1Unless otherwise stated, charge-conjugate processes are implicitly included, and natural units with
~ = c = 1 are used throughout.
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interaction of the generated particles with the detector is implemented using the Geant4
toolkit [50] as described in Ref [51].
3 Selection of Ω−b → Ξ+c K−π− decays
The Ξ+c candidates are formed by combining three tracks that are detached from any
primary pp interaction vertex (PV) in the event. A good-quality vertex fit is required to
select tracks originating from the same secondary vertex. The Ω−b candidates are selected
by combining the Ξ+c candidate with two tracks identified as a K
− and a π− meson. Loose
particle identification (PID) requirements are applied to all five final-state tracks in order
to reduce background. The Ω−b candidates are required to have a transverse momentum
pT > 3.5 GeV and are constrained to originate from the PV by requiring a small χ
2
IP,
where χ2IP is defined as the difference in the vertex-fit χ
2 of a given PV reconstructed with
and without the candidate under consideration. The Ω−b decay time is required to be
larger than 0.2 ps.
A boosted decision tree (BDT) classifier, implemented using the TMVA toolkit [52], is
used to further reduce the background. Variables found to provide good discrimination
between signal and background are: the PID information and pT of the final-state tracks,











2, the Ω−b flight-distance
significance, defined as the measured flight distance divided by its uncertainty, and the
cosine of the Ξ+c and Ω
−
b direction angles. The direction angle is defined as the angle
between the Ξ+c (Ω
−





vertex. The training of the BDT classifier is performed using simulated samples as signal
and data as background separately for Run 1 and Run 2 data samples. The candidates
used for the background sample are in the 6200–6300 MeV range of the Ξ+c K
−π− mass
spectrum, which is not populated by partially reconstructed Ω−b decays. The optimal
selection criterion on the BDT response is found by maximising the figure of merit
ε/(5/2 +
√
BP ) [53], where ε is the signal efficiency in simulation, and BP is the number
of Ξ+c K
−π− candidates in the mass region 6200 < m(Ξ+c K
−π−) < 6256 MeV, roughly
matching the expected number of background events in the Ω−b mass window. Roughly 4%
of selected events contain more than one candidate and are removed. Finally, a kinematic
fit [54] is applied to the Ω−b decays to improve the mass resolution where the Ξ
+
c candidate
mass is constrained to its known value [55], and the Ω−b candidate is constrained to
originate from its associated PV, defined as the PV to which the impact parameter of the
combination of two-track and Ξ+c candidate is the smallest.
The resulting Ξ+c K
−π− mass spectrum is shown in Fig. 1 (left) and an extended
unbinned maximum likelihood fit is performed. The signal shape is modelled by the combi-
nation of two Gaussian functions with a common mean, where the ratios of the resolutions
and yields between the functions are fixed according to the simulation. The main sources
of background are due to the partially reconstructed decays Ω−b → Ξ+c K−ρ−(→ π−π0) and
Ω−b → Ξ ′+c (→ Ξ+c γ)K−π−, where the π0 and γ are not reconstructed. The combinatorial
background shape is fixed according to a wrong-sign sample, consisting of Ξ+c K
−π+
combinations processed in the same way as the right-sign Ξ+c K
−π− combinations. The
shape of the partially reconstructed decays is taken from simulated samples generated
using the RapidSim package [56]. The shape of misidentified decays Ω−b → Ξ+c K−K− is
fixed based on simulation. The yield ratio NΞ+c K−K−/NΞ+c K−π− is fixed to 2.8% based
2













































































Figure 1: Distribution of the reconstructed invariant mass (left)m(Ξ+c K
−π−) with Ξ+c → pK−π+
and (right) m(Ω0cπ
−) with Ω0c → pK−K−π+ for all candidates passing the selection requirements.
The black symbols show the data. The result of a fit is overlaid (solid red line). The missing
particles in partially reconstructed decays are indicated in grey in the legends.
on |Vus|2/|Vud|2 ≈ 5% corrected by the difference in reconstruction efficiency and the
phase space. The fit returns a combined mass resolution of 17.9 ± 1.3 MeV, a yield of




b ) = 6044.3±1.2 MeV, where the uncertainty
is statistical only (see Table 1). The Dalitz plot distribution of the candidates, with a
mass within two standard deviations of the Ω−b peak, is shown in Fig. 2. Excited Ω
0
c
baryons appear in the Ξ+c K
− projection while no excited Ξ0c states are clearly visible in
the Ξ+c π
− system.
The branching fraction of Ω−b → Ξ+c K−π− decays is measured relative to the normali-
sation channel Ω−b → Ω0cπ−, with Ω0c→ pK−K−π+. Similar selection requirements as the
Ω−b → Ξ+c K−π− mode are applied to the Ω−b → Ω0cπ− candidates. The selections of the
two decay modes differ in the requirements applied to the invariant mass of the pK−π+
and pK−K−π+ systems to select Ξ+c and Ω
0
c candidates, respectively. A kinematic fit
is applied to the Ω−b decay where the Ω
0
c candidate mass is constrained to its known
value [55]. The two largest background components are due to the partially reconstructed
decays Ω−b → Ω0cρ−(→ π−π0), and Ω−b → Ω∗0c (→ Ω0cγ)π−. The result of an unbinned
maximum-likelihood fit is overlaid to the data in Fig. 1 (right). All decays are modelled in
the same way as for the Ω−b → Ξ+c K−π− channel. The combinatorial background shape




where the Ω0c sidebands are defined as the 2650–2670 and 2720–2740 MeV ranges in the
pK−K−π+ invariant mass distribution. The yield of reconstructed Ω−b candidates is
NΩ0cπ− = 174± 14, and the mass resolution is 18.4± 1.5 MeV.
The ratio of branching fractions is obtained as
R ≡ B(Ω
−
b → Ξ+c K−π−)B(Ξ+c → pK−π+)
B(Ω−b → Ω0cπ−)B(Ω0c→ pK−K−π+)
= 1.35± 0.11 ,
which is calculated from the ratio of efficiency-corrected yields, where the error is statistical
only (see Table 1).
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Figure 2: Dalitz plot distribution of Ω−b → Ξ+c K−π− candidates in the signal region, including
background contributions. The inset shows an expanded view of the upper left corner where the
vertical bands correspond to excited Ω0c states.
4 The Ξ+c K
− mass spectrum
A search for excited Ω0c baryons is performed in the Ξ
+
c K
− mass projection of Ω−b →
Ξ+c K
−π− candidates. In order to increase the selection efficiency of the Ω∗∗0c states, an ad-
ditional BDT classifier is deployed for the study of the Ξ+c K
− spectrum, where a sample of
simulatedΩ−b → Ξ+c K−π− decays, with an additional requirement ofm(Ξ+c K−) < 3.3 GeV,
is used as the signal sample. For the background, the upper region of the Ξ+c K
−π−
mass distribution is used, as in the previous BDT classifier. After the optimization
of the BDT response, the Ω−b candidates with a mass within two standard deviations
of the Ω−b peak are selected. Figure 3 shows the distribution of the mass difference
∆M ≡ m(Ξ+c K−)−mΞ+c −mK− , where m(Ξ+c K−) is the invariant mass of the Ξ+c K−




tively [55]. Four narrow peaking structures are clearly visible close to the Ξ+c K
− kinematic
threshold.
An extended maximum-likelihood fit is performed to the ∆M distribution, where
each signal is modelled by an S-wave relativistic Breit-Wigner (BW) function multiplied
by the phase space function and convolved with a Gaussian function to describe the
mass resolution. The widths and masses of the relativistic BW functions vary freely.
The background consists of two components: the combinatorial background under the
Ω−b signal peak (Fig. 1 (left)) and the nonresonant Ξ
+
c K
− component. The former




distribution and the latter (nonresonant Ξ+c K
−) according to phase space. While the
shapes of the two contributions and the yield of the combinatorial component are fixed,
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Figure 3: Distribution of the reconstructed mass difference between the Ξ+c K
− invariant mass
and the Ξ+c and K





0 baryons. The distribution shows an
enhancement at the threshold, as seen in the previous analysis [16]. The total fit is overlaid in
red. The background distribution (grey shaded area) is the combination of the combinatorial
and nonresonant Ξ+c K
− backgrounds.
the yield of the nonresonant background can vary freely.
The Ξ+c K
− spectrum also features an excess at the Ξ+c K
− mass threshold. An
analogous enhancement was observed in the inclusive Ξ+c K
− spectrum [16] and interpreted
as the partially reconstructed decay Ωc(3065)
0 → Ξ ′+c (→ Ξ+c γ)K− with the photon
escaping detection. However, such an explanation does not hold here, given that the
partially reconstructed decay Ω−b → Ξ ′+c K−π− is well separated from the signal region
in the Ξ+c K
−π− mass spectrum, as shown in Fig. 1 (left). An S-wave BW component is
added to the fit to model the threshold enhancement. The current data do not provide
enough sensitivity to the parameters of the structure, such as the mass, natural width
and spin.
Fit results superimposed to the data are shown in Fig. 3. The resulting BW parameters





0 baryons [16]. The natural width
of the Ωc(3050)
0 is consistent with zero, therefore an upper limit is set. In order to
determine the significance of the peaking structures, another fit is performed by fixing the
masses and widths of the Ω∗∗0c states to the known values [16]. Therefore, the statistical
significance of each peak is calculated using
√
2∆(NLL), where ∆(NLL) is the variation of
the fit log-likelihood when the corresponding BW function is excluded from the reference
fit model. The local significance exceeds six standard deviations (6σ) for each of the
four main states. For the threshold structure, the null hypothesis of the background
fluctuation is tested using the likelihood ratio of two fits. The p-value expressed in
standard deviations using the one-sided convention corresponds to 4.3σ after systematic
uncertainties are accounted for. Finally, the production rate of the Ω∗∗0c states relative to
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the Ω−b → Ξ+c K−π− mode is defined as
PΩ∗∗0c ≡
B(Ω−b → Ω∗∗0c π−)B(Ω∗∗0c → Ξ+c K−)
B(Ω−b → Ξ+c K−π−)
. (1)





upper limit on the production of the Ωc(3120)
0 state is set. The results are reported in
Table 1.
5 Spin test for the excited Ω0c baryons
In order to probe the spin of the Ω∗∗0c baryons, the distribution of the helicity angle in
the Ω−b → Ω∗∗0c (→ Ξ+c K−)π− decay is studied. The helicity angle θ is defined as the
angle between the ~pK− and the −~pπ− directions in the Ξ+c K− rest frame, where ~p is the
momentum of the meson. The spin projection of the Ω∗∗0c baryon in the direction of the
π− meson is limited to 1/2 as it is produced in the Ω−b → Ω∗∗0c π− decay. Additionally, it
cannot exceed 1/2 in the direction of either decay product, Ξ+c or K
−, due to their spins.




(∣∣dJ1/2,−1/2(cos θ)∣∣2 + ∣∣dJ1/2,+1/2(cos θ)∣∣2) , (2)
where dJν,λ is the Wigner d-function. The first (second) index, ν (λ), gives the spin
projections of the Ω∗∗0c in the direction opposite to the pion (kaon) momentum, −~pπ−
(−~pK−), in the Ξ+c K− rest frame. The angular distributions are not affected by a possible
polarization of the Ω−b baryon since its production angles are integrated over. The Ω
∗∗0
c
candidates are selected in the small nonoverlapping regions around the peaks. The cos θ
distributions for the Ω∗∗0c states are shown in Fig. 4. The Ωc(3050)
0 and Ωc(3065)
0
distributions show an enhancement at cos θ = −1, hinting at a preference for a spin larger
than J = 1/2.
The expectations for the angular density function, DJ(cos θ), shown by the colored lines
in Fig. 4, are calculated as a sum of the signal PDF and the two background components
(combinatorial and nonresonant Ξ+c K
−) by
DJ(cos θ) ≡ fsIJ(cos θ)ε(cos θ) + fbB1(cos θ) + (1− fs − fb)B2(cos θ)ε(cos θ) , (3)
where fs and fb are the fractions of the signal and the combinatorial background fixed
according to the result of the mass fit. The angular distribution for the combinatorial
background, B1(cos θ), is fixed by selecting candidates in the Ξ
+
c K
−π− mass range above
the Ω−b peak. A flat distribution is assumed for nonresonant background, B2(cos θ). The
efficiency, ε(cos θ), is calculated separately for each signal region using simulation. The
efficiency maps are combined according to the fraction of the signal candidates in the
corresponding data-taking periods. The efficiency for the helicity angle is calculated by
convolving the efficiency map with the Ω∗∗0c line-shape profile. The fall of the curves
at cos θ = 1 indicates the smaller reconstruction efficiency for candidates with a low
momentum K− in the Ω−b rest frame. Discrimination of different spin hypotheses is based












Figure 4: Distributions of the Ω∗∗0c helicity angle (θ) in the Ω
−
b decay. Solid, dashed and
dot-dashed lines indicate the expectations under the spin hypotheses, J = 1/2, 3/2, and 5/2,
respectively. The grey shaded area shows the cumulative distribution of the combinatorial and
nonresonant Ξ+c K
− backgrounds.
where HJ and HJ ′ are the compared hypotheses for the state to have spin J and J
′,
respectively, N is the number of candidates in the mass region around the peak. The




J=3/2|J=5/2) is evaluated in data and compared to the
t distribution in simulated pseudoexperiments. A set of 20 000 pseudoexperiments with
the number of signal and background events obtained from data are simulated for each
spin hypothesis and for every Ω∗∗0c state. The two-dimensional distribution of t is well
described by the multivariate normal distribution from which we extract the covariance
matrix and the two-dimensional mean, t(mean). The p-value in the double-tailed convention
is calculated by exp(−r2/2), where r is the Mahalanobis distance [57] between ~t (data) and
~t (mean). All results are summarized in Table 1. The significance of the rejection of the
J = 1/2 hypothesis for Ωc(3050)
0 and Ωc(3065)
0 is 2.2σ and 3.6σ respectively, including
systematic effects listed in the next section. The combined hypothesis of the four peaks




Various systematic uncertainties for each observable are considered, where the largest
deviation from the default model on every source is used. A summary of the systematic
uncertainties is provided in the supplemental material (Tables 2 and 3). The uncertainties
from different sources are combined in quadrature. A source of systematic uncertainty
is determined from varying components of the Ω−b fit model. The helicity couplings of
the partially reconstructed decays in the Ω0cπ
− invariant mass spectrum are modified
as well as the shape used to describe the signal peaks. The uncertainty in the yield of
misidentified decays is quantified by varying the fractional contribution by ±40% relative
to the default value. In simulation, the Ξ+c →pK−π+ Dalitz plot is generated according
to phase space and a binned weighting is performed to match the data. A systematic
uncertainty is found by varying the binning scheme.
The uncertainty in the mass measurements due to momentum calibration is determined
following Ref. [58] as ±0.03% of the energy released in the decay. The PID variables in
simulation are corrected in order to match the PID performance in data. To calculate an
uncertainty, a modified weighting is applied to the PID variables. For the uncertainty in
the Ω−b kinematics, the pT and η of the Ω
−
b candidates, as well as the track multiplicity in
simulation, are weighted according to data. Several alternative models are considered for
Ξ+c K
− fit. Firstly, the resolution of each Gaussian function is varied by ±10%. In addition,
different orbital angular momenta (L = 1, 2) are tested along with the variation of the
Blatt-Weisskopf factors [59,60] from 1.5 to 5 GeV−1. A constant-width BW approximation
and the scattering-length approximation are probed for the threshold structure. Lastly,
for each signal peak, interference with neighbours and the nonresonant Ξ+c K
− background
is tested. The full list of results including systematic uncertainties are listed in Table 1.
7 Summary and conclusion
In summary, data collected by the LHCb experiment at centre-of-mass energies 7, 8 and
13 TeV corresponding to an integrated luminosity of 9 fb−1 are used to observe the new decay
mode Ω−b → Ξ+c K−π− and to measure its branching fraction relative to the Ω−b → Ω0cπ−
decay mode. A precise measurement of the Ω−b mass, m(Ω
−
b ) = 6044.3±1.2±1.1+0.19−0.22 MeV,
is obtained where the first uncertainty is statistical, the second is systematic, and the
third asymmetric error is due to the uncertainty in the Ξ+c mass. Averaging with the
previous LHCb measurements [61, 62], taking correlated systematic uncertainties into
account, gives a mass of m(Ω−b ) = 6044.8± 1.3 MeV, which is the most precise to date.
The investigation of the Ξ+c K





0, and a threshold enhancement as also seen
in Ref. [16]. The Ωc(3120)
0 state is not observed, therefore an upper limit on its pro-
duction rate is set by scanning the likelihood profile, PΩc(3120)0 < 0.03 at 95% confidence
level (CL). Measurements of the Ω∗∗0c masses and widths, together with an upper limit of
ΓΩc(3050)0 < 1.6 MeV at 95% CL are reported. Their spin assignments are tested based on
the distribution of the helicity angle in the decay chain Ω−b → Ω∗∗0c π−, Ω∗∗0c → Ξ+c K−.
Significance values of excluding the J = 1/2 spin hypothesis for Ωc(3050)
0 and Ωc(3065)
0
are 2.2σ and 3.6σ, respectively. All results are summarised in Table 1. The combined
hypothesis on the spin of the four peaks in the order J = 1/2, 1/2, 3/2, 3/2, as proposed
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in several works [20, 31, 36], is rejected with a p-value corresponding to 3.5 standard
deviations once systematic uncertainties are taken into account.
These results hint that the interpretation of the five peaks observed in Ref. [16] as
λ-mode excited states might need to be revisited. The spin assignment of the four observed
peaks is consistent with λ-mode excitations with quantum numbers J = 1/2, 3/2, 3/2, and
5/2. In such scenario, a spin 1/2 λ-mode is still to be observed, and the nonobservation of
the Ωc(3120)
0 baryon would be consistent with the state being either one of the 2S doublet,
or a ρ-mode P -wave excitation. Further investigation of the threshold enhancement is
required to establish its resonant nature.
9




measured mass differences (∆M), masses (m), natural widths (Γ) and production fraction (P)
of Ω∗∗0c baryons where the first uncertainty is statistical and the second systematic. The third
asymmetric uncertainty on the Ω−b and Ω
∗∗0
c masses is due to the uncertainty in the Ξ
+
c mass.
Upper limits are given for the width of the Ωc(3050)
0 state and the production rate of the
Ωc(3120)
0 baryon, which are measured to be consistent with zero. The results of the spin analysis
are also listed (J rejection).
State Observable Measurement
Ω−b
m 6044.3± 1.2± 1.1+0.19−0.22 MeV







∆M 37.6± 0.9± 0.9 MeV
m 2999.2± 0.9± 0.9+0.19−0.22 MeV
Γ 4.8± 2.1± 2.5 MeV
P 0.11± 0.02± 0.04




∆M 88.5± 0.3± 0.2 MeV
m 3050.1± 0.3± 0.2+0.19−0.22 MeV
Γ < 1.6 MeV, 95% CL
P 0.15± 0.02± 0.02




∆M 104.3± 0.4± 0.4 MeV
m 3065.9± 0.4± 0.4+0.19−0.22 MeV
Γ 1.7± 1.0± 0.5 MeV
P 0.23± 0.02± 0.02




∆M 129.4± 1.1± 1.0 MeV
m 3091.0± 1.1± 1.0+0.19−0.22 MeV
Γ 7.4± 3.1± 2.8 MeV
P 0.19± 0.02± 0.04
J rejection 0.3σ (J = 1/2), 0.8σ (J = 3/2), 0.5σ (J = 5/2)
Ωc(3120)
0 P < 0.03, 95% CL
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S. Mrenna, and P. Skands, PYTHIA 6.4 physics and manual, JHEP 05 (2006) 026,
arXiv:hep-ph/0603175.
[48] I. Belyaev et al., Handling of the generation of primary events in Gauss, the LHCb
simulation framework, J. Phys. Conf. Ser. 331 (2011) 032047.
[49] D. J. Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462 (2001) 152.
[50] Geant4 collaboration, J. Allison et al., Geant4 developments and applications, IEEE
Trans. Nucl. Sci. 53 (2006) 270; Geant4 collaboration, S. Agostinelli et al., Geant4:
A simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.
[51] M. Clemencic et al., The LHCb simulation application, Gauss: Design, evolution and
experience, J. Phys. Conf. Ser. 331 (2011) 032023.
[52] H. Voss, A. Hoecker, J. Stelzer, and F. Tegenfeldt, TMVA - Toolkit for Multi-
variate Data Analysis with ROOT, PoS ACAT (2007) 040; A. Hoecker et al.,
TMVA 4 — Toolkit for Multivariate Data Analysis with ROOT. Users Guide.,
arXiv:physics/0703039.
[53] G. Punzi, Sensitivity of searches for new signals and its optimization, eConf C030908
(2003) MODT002, arXiv:physics/0308063.
[54] W. D. Hulsbergen, Decay chain fitting with a Kalman filter, Nucl. Instrum. Meth.
A552 (2005) 566, arXiv:physics/0503191.
[55] Particle Data Group, P. A. Zyla et al., Review of particle physics, Prog. Theor. Exp.
Phys. 2020 (2020) 083C01.
[56] G. A. Cowan, D. C. Craik, and M. D. Needham, RapidSim: an application for the
fast simulation of heavy-quark hadron decays, Comput. Phys. Commun. 214 (2017)
239, arXiv:1612.07489.
[57] R. De Maesschalck, D. Jouan-Rimbaud, and D. L. Massart, The Mahalanobis distance,
Chemometrics and Intelligent Laboratory Systems 50 (2000) 1.
[58] LHCb collaboration, R. Aaij et al., Precision measurement of D meson mass differ-
ences, JHEP 06 (2013) 065, arXiv:1304.6865.
14
[59] J. M. Blatt and V. F. Weisskopf, Theoretical nuclear physics, Springer, New York,
1952.
[60] F. Von Hippel and C. Quigg, Centrifugal-barrier effects in resonance partial decay
widths, shapes, and production amplitudes, Phys. Rev. D5 (1972) 624.
[61] LHCb collaboration, R. Aaij et al., Measurements of the mass and lifetime of the Ω−b
baryon, Phys. Rev. D93 (2016) 092007, arXiv:1604.01412.
[62] LHCb collaboration, R. Aaij et al., Measurements of the Λ0b , Ξ
−
b , and Ω
−
b baryon
masses, Phys. Rev. Lett. 110 (2013) 182001, arXiv:1302.1072.
15
Supplemental material for LHCb-PAPER-2021-012
The mass distributions, m(Ξ+c K
−π−) and m(Ω0cπ
−), are shown in Fig. 5 with a logarithmic
scale.



























































Figure 5: Distribution of the reconstructed invariant mass (left)m(Ξ+c K
−π−) with Ξ+c → pK−π+
and (right) m(Ω0cπ
−) with Ω0c → pK−K−π+ using a logarithmic scale for all candidates passing
the selection requirements. The black symbols show the selected signal candidates. The result
of a fit is overlaid (solid red line). The missing particles in partially reconstructed decays are
indicated in grey in the legends.
The Ξ+c K
−π− mass distribution used for the investigation of the Ω∗∗0c states is shown
in Fig. 6, where a new BDT classifier is trained with the addition of the requirement
m(Ξ+c K
−) < 3.3 GeV in the simulation. Figure 7 shows all measurements of the Ω−b mass



































Figure 6: Distribution of the reconstructed invariant mass m(Ξ+c K
−π−) with Ξ+c → pK−π+,
where the simulation used to train the BDT classifier has a requirement of m(Ξ+c K
−) < 3.3 GeV.
16




LHCb Ω−b → Ξ +c K−π−
LHCb Ω−b → Ω0c π−
LHCb Ω−b → J/ψΩ−
[This analysis]
[PRD93 (2016) 092007]
[PRL 110 (2013) 182001]
Figure 7: Measurements of the Ω−b mass from the LHCb experiment, the LHCb average and the
PDG average, which includes the two previous LHCb measurements and one measurement from
the CDF collaboration [55].
from the LHCb experiment, the LHCb average which is calculated using the Ω−b mass
determined in this analysis and the two previous results, and the PDG average.
The efficiency map of the data reconstruction and selection in the [∆M, cos θ] plane
is shown in Fig. 8, where the positions of four of the Ω∗∗0c states are demonstrated by
the red lines. Figure 9 shows the value of the test statistic observables tJ=1/2|J=3/2 and
tJ=3/2|J=5/2 for each Ω
∗∗0
c state, where the red point indicates the value determined from
data.
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Figure 8: Efficiency map in the [∆M, cos θ] plane. Positions of the four narrow Ω∗∗0c states are
shown by the red lines.
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Figure 9: Values of the spin-hypothesis estimators tJ=1/2|J=3/2 and tJ=3/2|J=5/2. The red point
shows the value measured in the default fit to the data. The colored ellipses give the 67 % and
95 % confidence intervals in the probability density for spin hypotheses with J = 1/2, 3/2, and
5/2 as indicated in the legend. The rejection significance of every spin-J hypothesis are shown
in the legend for the default fit. The values with systematic studies included are summarised in
the Table 1 of the main text.
Tables 2 and 3 summarise the systematic uncertainties considered for each observable
where the largest deviation from the default model is quoted on every source.
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Table 2: Systematic uncertainties in the Ω−b mass, relative branching fraction R, and relative






Source m [ MeV] R P P P P
Alternative Ω−b fit < 0.1 0.05 < 0.01 < 0.01 < 0.01 < 0.01
Ξ+c Dalitz weights 0.5 < 0.01 0.03 0.01 < 0.01 0.02
Momentum calibration 0.9 — — — — —
PID efficiency 0.2 0.01 < 0.01 0.02 0.01 0.03
Ω−b kinematics 0.4 < 0.01 0.01 < 0.01 0.01 0.01
Alternative Ξ+c K
− fit — — 0.02 0.01 0.02 0.01
Efficiency map — < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Background in Ξ+c K
− — — < 0.01 < 0.01 < 0.01 < 0.01
Total 1.1 0.05 0.04 0.02 0.02 0.04
Table 3: Systematic uncertainties in the resonance parameters of the Ω∗∗0c states. For the width
of the Ωc(3050)






Source m [ MeV] Γ [ MeV] m [ MeV] m [ MeV] Γ [ MeV] m [ MeV] Γ [ MeV]
Alternative Ω−b fit < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Ξ+c Dalitz weights 0.02 1.1 0.10 0.14 0.2 0.32 1.2
Momentum calibration 0.01 — 0.03 0.03 — 0.04 —
PID efficiency 0.56 0.1 0.05 0.14 0.2 0.73 2.1
Ω−b kinematics 0.13 0.7 0.10 0.21 0.2 0.42 0.9
Alternative Ξ+c K
− fit 0.70 2.1 0.10 0.28 0.4 0.39 0.9
Efficiency map < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
Background in Ξ+c K
− 0.02 0.1 < 0.01 < 0.01 0.04 < 0.01 0.2
Total 0.9 2.5 0.2 0.4 0.5 1.0 2.8
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